comparison.

Introduction 49
The pace of technical developments allowing the direct manipulation of genome 50 sequences has seen a marked acceleration in the last years with the emergence of 51 systematically analyzed in C. elegans and would require ad hoc experiments for each 116 sgRNA. 117
We describe here a two-step strategy for reliable and scarless modification of the 118 C. elegans genome using a single guide RNA that facilitates the detection of genome 119 engineering events based on an easily selectable phenotype. Indeed, we reasoned 120 that it should be possible to circumvent many practical hurdles described above if we 121 transplanted the protospacer for a highly-efficient sgRNA into a genomic locus of 122 interest to create an "entry strain" that would be more amenable to genome 123 engineering. Specifically, we inserted a protospacer and PAM from the dpy-10 124 gene (Arribere et al. 2014 ) -further referred to as the "d10 site" or "d10 sequence" -125 close to the targeted genomic region. In this "d10-entry strain", we could then induce 126 double-strand breaks at both the transplanted d10 site and the endogenous dpy-10 127 locus using a single sgRNA. We demonstrated that the d10 site and the dpy-10 locus 128 were efficiently cut within the same nucleus. Finally, we found that co-conversion 129 events (insertions of fluorescent reporter genes and epitope tags) occurred on 130 average in 8 % (i.e. 1 in 12 animals) of F1 progeny that also carried mutations in the 131 marker gene dpy-10, revealing a high incidence of co-conversion events. Since this 132 co-conversion step no longer relied on an endogenous protospacer from the targeted 133 locus, we did not need to introduce mutations in PAM or protospacer sequences and 134 could generate perfectly accurate and scarless genome edits. Although our strategy 135 is especially suited to insert sequences into the genome, we could also obtain large, 136 precisely targeted gene deletions. 137
Materials and Methods 139
Strains generated in this study 140 N2 Bristol was used as a wild-type starting strain for transgenic lines generated in 141 this study. Worms were raised at 20°C on nematode growth medium and fed 142
Escherichia coli OP50. Worms were grown at 25°C after injection. Supplementary  143   Table 2 provides a comprehensive list of the strains constructed for this study. 144
Molecular Biology 145
Single guide RNA expression vectors (see Supplementary Methods) and plasmid 146 repair templates were constructed using standard molecular biology techniques and 147
Gibson assembly (Gibson 2011) . They were systematically validated by Sanger 148 sequencing before injection. Supplementary Table 3 and 4 respectively list the 149 oligonucleotides and vectors used in this study. The Cas9-expression vector pDD162 150 was obtained from Addgene (Dickinson et al. 2013) . Vectors generated for this study 151 are available upon request. 152
DNA preparation and microinjection 153
The pDD162, pMD8 and pPT53 plasmids were purified using the Qiagen EndoFree 154 Plasmid Mega Kit (Qiagen). All other vectors were prepared using Invitrogen 155
PureLink™ HQ Mini Plasmid Purification Kit (ThermoFisher Scientific). Single-strand 156 DNA repair templates were synthetized and PAGE-purified by Integrated DNA 157 Technologies (IDT). Except specified otherwise, plasmid vectors and ssDNA were 158 diluted in water and injected at a final concentration of 50 ng/µL; co-injection markers 159 were injected at 5 ng/µL. DNA mixes were injected into a single gonad of one day-old 160 adult hermaphrodites raised at 20°C. They were then cloned onto individual plates 161 after overnight incubation at 25°C. 162
PCR screening 163
PCR DNA amplification was performed on crude worm extracts. In brief, worms were 164 collected in ice-cold 1X M9 buffer, and 5 μL of packed worms were lysed by freeze 165 thaw lysis in 14 μL of Worm Lysis Buffer (50 mM KCl, 10 mM Tris-HCl (pH = 8.3), 166 2.5 mM MgCl 2 , 0.45% Nonidet P-40, 0.45% Tween 20, 0.01% (w/v) Gelatin), to which 167 1 μL of proteinase K was added (1 mg/mL final concentration). After freezing at -168 80°C, lysates were incubated for 1 hour at 65°C, and proteinase K was inactivated by 169 further incubation at 95°C for 20 minutes.
High-fidely DNA polymerases (Q5® High-Fidelity DNA Polymerase, New England 171 Biolabs; Phusion High-Fidelity PCR Kit, Thermo Fisher Scientific) were used for PCR 172 amplification to maximize the chances of recovery of desired modifications. Indeed, 173 when we generated the TagRFP-T::twk-18 knock-in strain, we initially screened 77 174 F1 clones using a low fidelity DNA Polymerase (Taq'Ozyme, Ozyme) and found no 175 edits. When we immediately rescreened the same worm lysates with a more 176 processive, high-fidelity DNA polymerase (Phusion, ThermoFisher Scientific) we 177 identified 5 positive clones. PCR primers used for this study are listed in 178 Supplementary Table 3 . 179
Generation of sgRNA expression vector by single strand DNA isothermal 180 ligation 181
All sgRNA expression vectors were built using the novel pPT2 vector (see below and 182 Supplementary Methods). In brief, pPT2 was linearized by PmeI/SexAI double 183 digestion. The protospacer sequence was then inserted by isothermal ligation using a 184 single-strand oligonucleotide containing the protospacer sequence flanked by 20 bp-185 long homology arms corresponding to the sequences upstream of PmeI and 186 downstream of SexAI. If it was not already present in the sequence, a guanine 187 residue was manually added 5' to the protospacer sequence to optimize U6 promoter 188 activity. A unique identifier was given to each sgRNA using the following 189 nomenclature: CRpXYn, where "CR" stands for "CRISPR/Cas9 recognition site" and 190 pXYn is the name of the corresponding sgRNA-expression plasmid. 191 Codon-optimization was performed using the "C. elegans codon adapter" service 195 (Redemann et al. 2011 ) with the following parameters: "0 introns", "optimize for weak 196 mRNA structure at ribosome binding site", and "avoid splice sites in coding region". 197
Codon-optimization of mScarlet
The Gblock fragment library was combined by isothermal ligation with left and right 198 homology regions flanking the d10 sequence in twk-18(bln213) to generate the repair 199 template pSEM87. The wrmScarlet cDNA sequence is available upon request. 200
Microscopy and fluorescence quantification 201
Freely-moving worms were observed on NGM plates using an AZ100 macroscope 202 (Nikon) equipped with a Flash 4.0 CMOS camera (Hamamatsu Photonics).
Confocal imaging was performed using a Nikon Eclipse Ti inverted microscope 204 equipped with a CSUX1-A1 spinning-disk scan head (Yokogawa) and an Evolve 205 EMCCD camera (Photometrics). Worms were imaged on 2% fresh agar pads 206 mounted in M9 solution containing 50 mM NaN 3 . 207
Comparison of wrmScarlet and TagRFP-T fluorescence was performed as follows: 208
(1) confocal stacks of the head region were acquired for TagRFP-T and wrmScarlet 209 knock-in strains on the same day, using identical settings, and NaN 3 immobilization; 210
(2) the same number of confocal slices was selected from each stack; (3) stacks 211 were projected by summing fluorescence at each pixel position in the stack; (4) total 212 fluorescence was measured in areas of identical size and position relative to the 213 anterior tip of the worm and pharynx; (5) total fluorescence was corrected by 214 subtracting equipment noise, i.e. fluorescence measured in an area of the same size 215 outside of the sample. 216
Data and reagent availability 217
All C elegans strains and plasmids described in this study are available upon 218 request. 219
Results 221
Generation of d10-entry strains as a starting point for robust and precise gene 222 modification 223
The starting point of our strategy consists in the insertion of the d10 sequence (i.e. 224 dpy-10 protospacer + PAM) into the locus of interest ( Figure 1A ). First, we targeted 225 three positions in two genes coding for two-pore domain potassium channel subunits: 226
(1) the ATG start site of sup-9, (2) the ATG of the egl-23b isoform and (3) the 227 common stop codon of all egl-23 isoforms ( Figure 1A ). Next, we predicted all 228 possible sgRNA sequences within a 50-base window around these positions, and 229 selected sgRNAs close to the ATG or stop codons. Using multiple sgRNAs increases 230 the chances of finding at least one sgRNA that cuts efficiently enough to insert the 231 d10 site at the desired location. We then defined the portion of the gene to be 232 replaced by the d10 site, based on the positions of the most upstream and most 233 downstream PAM sequences. Finally, we designed a single-strand oligonucleotide 234 sequence (ssON) containing the d10 sequence flanked by up-and downstream 235 homology regions of approximately 50 bases ( Figure 1A ). This ssON could serve as 236 a repair template with all selected sgRNAs since it did not contain their protospacer 237 or PAM sequences. 238
Next, we built the necessary sgRNA expression constructs using a novel vector and 239 assembly strategy. This vector (pPT2) is composed of an RNA Polymerase III U6 240 promoter from K09B11.12 (Friedland et al. 2013; Katic et al. 2015) followed by two 241 restriction sites (PmeI and SexAI), followed by the sgRNA portion corresponding to 242 the CRISPR tracrRNA and 3' UTR of K09B11.12. This vector was linearized by 243 restriction digest with PmeI and SexAI, and the crRNA sequence was incorporated 244 by isothermal ligation (Gibson assembly (Gibson 2011)) using a single single-strand 245
DNA oligonucleotide (see Materials and Methods and Supplementary Methods). 246
These sgRNA expression vectors were systematically validated using Sanger 247
sequencing. 248
Since it is not possible to predict the efficiency of an sgRNA a priori, we reasoned 249 that we could increase the likelihood of finding a d10 insertion at the locus of interest 250 by using a moderately efficient Co-CRISPR. We chose a previously described 251 reagent combination that introduces a mutation in the two-pore domain potassium 252 can be cloned right away to ensure that independent events are selected. 259
To generate d10-entry strains for sup-9 and egl-23, we injected wild-type N2 worms 260 with a mix of plasmid DNA and ssON repair templates ( Figure 1B Figure 1A , 265 Supplementary Table 3 ). After three to four days, we cloned Unc-58-marked F1 266 worms to single plates. We then detected the presence of the d10 site in the F2 267 population by PCR amplification and restriction digest. The d10 sequence contains 268 sites for three restriction enzymes (BanI, BsrBI, and BssSI) that can be used for 269 restriction fragment length polymorphism analysis (RFLP) ( Figure 1C ). In each case, 270
we designed a PCR primer pair that produced a fragment of 500 to 600 bp, centered 271 on the d10 site. In this way, we were able to generate multiple independent d10-entry 272 strains for each of the targeted loci (Table 1 and Supplementary Table 2 ). In each 273 case, we selected homozygous clones for the d10 insertion that lacked the unc-58 274 gain-of-function mutation, and validated them by Sanger sequencing around the d10 275
sites. 276
Next we targeted the two-pore domain potassium channel subunit twk-18 ( Figure  277 1Ad). In this experiment, only one of 41 injected P0 worms gave a single Unc-58 278 worm (Table 1 ). Since this marked F1 worm did not incorporate the d10 site in 279 twk-18, we decided to screen its unmarked siblings. Doing so, we found 7 280 independent insertion events out of 93 tested clones. Similarly, we found 3 additional 281 d10 insertion events in 14 unmarked siblings of the sup-9 experiment, and 6 282 additional d10 insertions in 108 unmarked siblings of the experiment targeting the 283 ATG of the egl-23b splice variant (Table 1) . 284
In conclusion, screening for Unc-58-marked F1 progeny allowed us to rapidly identify 285 P0 individuals for which the injection was successful and CRISPR/Cas9 activity was 286 present in the germline. Cloning Unc-58 worms at the F1 generation ensured that we 287 selected independent edits and decreased the number of animals to clone and analyze by PCR. In three cases, we also found d10 protospacer insertions in non-289 marked siblings, although at lower frequencies than in Unc-58-marked F1 progeny. In 290 total we successfully targeted 5 different sites in the genome using this protocol 291 (Supplementary Table 2 unclear. For example, the site matches the GNGG motif and not GGNGG (Farboud 298 and Meyer 2015). A more favorable chromatin organization or the sequence of the 299 dpy-10 locus itself might explain high CRISPR activity in this gene. Since we 300 transplanted only the protospacer and PAM sequences of the d10 site, we decided to 301 estimate the frequency of cuts in transplanted d10 sites before attempting to 302 engineer these loci by homologous recombination. 303 DNA double-strand breaks can be repaired by homologous recombination using the 304 sister chromatid to restore a wild-type sequence or by non-homologous end joining 305 (NHEJ), which results in small indels close to the cut site. We reasoned that we could 306 therefore estimate the double-strand break frequency by looking for the destruction of 307 the restriction sites present in and around the -3/-4 position relative to the NGG, i.e. 308 the Cas9 cut site ( Figure 1C ). Note that only catastrophic events that result in 309 sufficiently modified d10 sites that could no longer be targeted by the Cas9/d10-310 sgRNA duplex would be detected in this way. This experiment therefore 311 underestimates the double-strand break frequency since precise repair events using 312 the sister chromatid would not be detected. 313
We selected four d10-entry strains on three different chromosomes (tag-68 I, egl-23 314 IV, twk-18 X and unc-58 X). Each strain was injected with a DNA mixture containing 315 (i) a Cas9 expression vector (pDD162), (ii) an sgRNA expression vector targeting 316 dpy-10 (pMD8), and (iii) a ssON to introduce the cn64 mutation (AF-ZF-827) in dpy-317 Finally, we tested all clones that segregated the Dpy-10 phenotype in their progeny 320 and observed the loss of the BanI site in 14 to 26 % of them (Table 2 ). Since BanI is 321 located 5' to the cut site ( Figure 1C ), we tested the remaining BanI-positive clones (i.e. lacking mutations in BanI) with BsrBI and BssSI. This lead us to identify 323 additional events, likely affecting the bases closest to the -3/-4 cut site. In total, we 324 found that between 33 and 52% of Dpy-10-marked F1 worms had lost at least one 325 restriction site, which demonstrates that heterologous d10 sites can be cut at high 326 frequency and are present in Co-CRISPR-marked F1 progeny. 327
Bioinformatic analysis predicts a single, low scoring, off-target site for the d10 328 sgRNA, situated in the uncharacterized gene R12E2.15 ( Figure 1D ). We investigated 329 potential off-target cutting of the d10 sgRNA by analyzing the R12E2.15 locus in 32 330 independent F1 worms that segregated the Dpy-10 phenotypes. None of these 32 331 lines showed scars around the potential off-target cut site of the d10 sgRNA. 332
Given the high correlation between worms displaying Dpy-10 phenotypes and 333 double-strand break events in the transplanted d10-site, and given the high 334 selectivity of the d10 sgRNA for the endogenous and transplanted sites, we chose to 335 focus only on Dpy-10-marked Co-CRISPR individuals in our co-conversion 336 experiments. 337
338
Generation of multiple knock-in lines using a single d10-entry strain 339
As a proof of principle for our strategy, we targeted the twk-18 locus. TWK-18 is one 340 of 47 two-pore domain potassium channels in the C. elegans genome. Its expression 341 pattern and localization in body wall muscle cells has been reported previously 342 (Kunkel et al. 2000) . We decided to generate two N-terminal fusions (1) Figure 2A ). We 346 injected each repair template separately into the twk-18 d10-entry strain (JIP1143) 347 with (i) a Cas9 expression vector (pDD162), (ii) the sgRNA expression vector 348 targeting dpy-10 (pMD8), (iii) the ssON to introduce the cn64 mutation in dpy-10 (AF-349 ZF-827) and (iv) the fluorescent reporter pCFJ90 as a co-injection marker to identify 350 transgenic animals based on mCherry fluorescence in the pharynx ( Figure 2B ). We 351 selected 77 (TagBFP) and 98 (TagRFP-T) Dpy-10-marked F1 progeny. Finally, we 352 used PCR screening to identify 5 and 6 clones respectively, which had integrated the 353
TagRFP-T and TagBFP sequences in the twk-18 locus, corresponding to a 354 recombination frequency of 6% of Dpy-10-marked F1 progeny (Table 3) .
When we prepared these knock-in lines for observation by confocal fluorescence 356 microscopy, we noted that TWK-18-TagBFP had a very reproducible subcellular 357 distribution at the exterior surface of body wall muscle cells ( Figure 3B ). The highly 358 repetitive grid-like pattern was very different from the one reported previously since it 359 appeared to show strong GFP signal in the endoplasmic reticulum (Kunkel et al. 360 2000) . This intracellular localization was not consistent with the electrophysiological 361 effect of TWK-18 gain-of-function mutants, in which TWK-18 most likely exerts its 362 hyperpolarizing role at the plasma membrane. We believe these differences probably 363 resulted from a strong over-expression of TWK-18 in this study compared to our 364 knock-in strain, highlighting the importance of physiological expression levels when 365 observing the distribution of cell surface-targeted channels and receptors (Gendrel et 366 al. 2009 ). When comparing the TagRFP-T and TagBFP knock-in strains, we noticed 367 a marked difference in brightness but also in the apparent resolution ( Figure 3B ). The 368 overall pattern of TagRFP-T was similar to TagBFP but the longer emission 369 wavelength of TagRFP-T (emission maximum, 584 nm) did not afford the same 370 resolution as the much shorter emission wavelength of TagBFP (emission maximum, 371 457 nm). This is in part explained by the fact that resolution is proportional to the 372 emission wavelength, making TagBFP an interesting alternative to increase imaging 373 resolution without changing imaging hardware. 374
Next, we targeted three additional loci on different chromosomes (sup-9 II, twk-40 III, 375 and egl-23 IV) and generated seven different edits with a variety of insert types 376 (TagRFP-T, TagRFP-T::ZF1, SL2::TagRFP-T and TagBFP) ( Table 3 and 377 Supplementary Table 2 ). We found that we could reliably edit these different loci. 378
Indeed, edit frequencies in Dpy-10-marked F1 worms ranged from 3% to 19% 379 (average 8 %). Taken together, these experiments demonstrate that it is possible to 380 take advantage of the high CRISPR activity of the d10 sgRNA to robustly engineer 381 the genome of C. elegans. This strategy significantly reduces hands-on work by 382 focusing only on the animals that most likely carry genome edits. produced Dpy-10 F1 progeny. In total, we analyzed 123 Dpy-10-marked F1 worms 407 that segregated Dpy-10 progeny and found 6 clones incorporating the wrmScarlet 408 sequence (Table 3) . 409
While undetectable by eye, specific fluorescence can be observed on NGM plates in 410
TagRFP-T::twk-18 worms with a macroscope (Nikon AZ100) coupled to a CMOS 411 camera (Flash 4, Hamamatsu Photonics). Using the same macroscope, acquisition 412 parameters and filter sets, wrmScarlet-TWK-18 was significantly brighter than the 413 TagRFP-T fusion, so much so that it became visible to the naked eye ( Figure 3A) . 414
We next compared the subcellular distribution and brightness of these two 415 translational fusions using spinning disk confocal imaging. Both protein fusions had 416 grossly identical distribution patterns ( Figure 3B ). However, the wrmScarlet fusion 417 was approximately eight times brighter than the TagRFT-T fusion in this assay 418 ( Figure 3C Table 3 ). In theory, each strand could serve as a template for 435 recombination, but we selected the strand complementary to the sgRNA following the 436 observations of (Katic et al. 2015) . We injected 30 P0 worms (JIP1150) with a DNA 437 mixture containing (i) a Cas9 expression vector (pDD162), (ii) the expression vector 438 for the d10 sgRNA (pMD8), (iii) the ssON that introduces the cn64 mutation in dpy-10 439 (AF-ZF-827), (iv) ssON containing the 2xMyc tag sequence (oSEM158) and (v) 440 pCFJ90 as a co-injection marker to identify transgenic animals based on mCherry 441 fluorescence in the pharynx. We selected 67 Dpy-10-marked F1 progeny and among 442 these, 9 carried the 2xMyc tag. This 14% edit frequency was comparable, yet slightly 443 higher than the average efficiency of longer inserts using double-strand DNA repair 444 templates (Table 3) . 445
The high edit efficiency observed in this experiment shows that our strategy is very 446 effective to tag proteins of interest for immunohistochemical or protein biochemistry 447 experiments. Generating this epitope-tagged strain required less than two weeks, 448 with no additional cloning steps and could be repeated easily to integrate a variety of 449 epitope tags, opening the way for different downstream applications. and Goldstein 2016). One, two or more sgRNAs are injected together and phenotypic 461 or PCR screening strategies are used to retrieve deletion mutants by PCR 462 amplification. However, the exact breakpoints of these deletions are not controllable 463 in this scheme and there is always the potential for undesired edits due to off-target 464 effects for each sgRNA. 465 d10-entry strains can also serve as a starting point to generate precisely defined 466 gene deletions. As a proof of principle, we targeted the egl-23 locus. egl-23 is a large 467 locus comprising 12 exons, and removal of the entire egl-23a splice isoform required 468 an 8 kb deletion (Figure 2 Supplement 1). Our goal was to replace the complete egl-469 23a locus by a transgene expressing the red fluorescent protein mCherry in the 470 pharynx which could be used as a genetic balancer and knock-out mutant of egl-23. 471
We therefore constructed a repair template composed of two homology regions of 472 2 kb, which flanked the transcriptional reporter unit (Pmyo-2::mCherry::unc-54 473 3'UTR). This construct was then injected into the appropriate egl-23 d10-entry strain 474 (JIP1150) along with (i) a Cas9 expression vector (pDD162), (ii) the expression 475 vector for the d10 sgRNA (pMD8), (iii) the ssON that introduces the cn64 mutation in 476 dpy-10 (AF-ZF-827). Out of 40 Dpy-10 progeny, we identified one knock-out line 477 (JIP1253). We validated that the genome edit was accurate by Sanger sequencing. 478
We further verified that the possible off-target site of the d10 sgRNA was unaffected 479 ( Figure 1D ). While this particular trial was less efficient than smaller insertions, it 480 confirmed that d10-entry strains can -as expected -be used to generate large 481 deletion and gene replacements, in addition to being ideally suited for the insertion of 482 kilobase-sized inserts or epitope tags.
Discussion 484
The major conceptual innovation of our strategy is to render genes highly susceptible 485 to CRISPR/Cas9 engineering by transplanting the d10 sequence. As we have 486 described above, highly effective sgRNAs matching the GGNGG motif are 487 underrepresented in the genome, and are therefore rarely found in close proximity to 488 the region of interest. While editing frequency is highly variable between sgRNAs at 489 different loci or even within the same locus, we found that editing using our d10 490 strategy was robust at different loci, with edit frequencies averaging 8 %, i.e. 1 in 12 491 F1 progeny. In addition, editing was also robust at a single locus. This is particularly 492 valuable and time-saving when multiple edits need to be generated in the same 493 locus, as is usually the case when a gene is being characterized in depth. For 494 example, we took advantage of this high editing frequency to rapidly generate 495 multiple chromatic variants in the twk-18 locus. This allowed us for the first time to One unique feature of our strategy is that edits can be designed so that all original 504 genomic sequences are perfectly preserved. Indeed, by using the transplanted d10 505 sgRNA instead of sgRNAs from the targeted locus, no mutations need to be 506 introduced to avoid continued CRISPR/Cas9 activity once the edit is performed. This 507 facilitates and accelerates experimental design, because only one repair template is 508 designed instead of specific repair constructs for each endogenous sgRNA. 509
Another benefit of our strategy is that we could retrieve multiple independent lines 510 from the same injected animal by cloning animals in the F1 generation, which is not 511 possible in strategies that rely on the screening of mixed populations of F2 progeny, 512 e.g. with antibiotic selection strategies. Therefore, since we could focus on relatively 513 few F1 clones, multiple methods could be used to detect the desired genome edit 514 such as direct observation, phenotypic screening or PCR detection. Limiting the 515 number of animals that need to be analyzed, could also mitigate PCR detection 516 issues (see Materials and Methods, PCR screening).
From a practical perspective, our strategy provides multiple layers of quality control. 518
Based on the easily detectable Dpy-10 Co-CRISPR phenotype, we could directly 519 monitor the success of injections and assess the general efficiency of the experiment 520 over time and between experimenters. We could determine if an experiment would 521 likely be successful within three days post-injection, by monitoring the number of 522 marked F1 progeny. Finally, all steps of our protocol are only limited by the 523 generation time of C. elegans, making it particularly time-efficient. 524
Obtaining the d10-entry strain is the major bottleneck of our strategy. This step, like 525 every CRISPR/Cas9 experiment, relies (1) on the ability to find an endogenous 526 sgRNA that cuts efficiently, and (2) on the rate of homology directed repair at the cut 527 site, which could be influenced by the local genomic context or specific sequence 528 features of the homology arms. Insertion of the d10 sequence using single-strand 529 oligonucleotides proved highly successful in most cases (Table 1) . However, only 530 one of the different sgRNAs we had selected gave us edits, highlighting again the 531 variable efficacy of endogenous sgRNAs. During this study, we were unable to 532 recover d10 insertions in some of our target loci despite testing multiple sgRNAs. For 533 some genes, we eventually succeeded by using double-stranded DNA repair 534 templates with long homology arms instead of single-strand oligonucleotides. 535
Another avenue we have begun to explore, is to use a CRISPR/Cas9 RNP complex 536 instead of Cas9 expression plasmids. In one experiment, we were able to retrieve 537 two d10 insertions in this way, while injection of plasmids had been unsuccessful 538 (data not shown). 539
Another practical concern appears when targeting loci that are closely linked to unc-540 58 (to build d10 entry strains) or dpy-10 (to engineer d10 loci), which are situated at 541 the center of chromosome 2 and X, respectively. Since we select F1 progeny based 542 on mutation of dpy-10 or unc-58, it is likely that genome edits will be linked to these 543 marker mutations. In that case, one should consider the wild-type siblings in the 544 progeny of an injected P0 individual that produced a significant fraction of marked 545 progeny. 546 So far we have tested this strategy only with the d10 sequence, but in principle, any 547 highly effective sgRNA that targets a gene producing a dominant Co-CRISPR 548 phenotype could be used. Conceptually, our strategy could also be extended to other 549 genetic model organisms. In particular, a co-CRISPR strategy based on the white locus has been recently published, and could be a starting point to adapt this strategy 551 to engineer the Drosophila genome (Ge et al. 2016 Supplementary Tables  766  767  Supplementary Table 1 This protocol describes the steps and tools used to generate sgRNA expression vectors 785 using the pPT2 vector backbone. See the materials and methods section for the 786 required reagents (e.g. Gibson assembly reagents, sequencing primers). 787
We use the excellent online service www.benchling.com for sgRNA, oligo and vector 788 design. 789 790 I) Identifying a suitable protospacer motif 791 • A protospacer is a 19-20 bp sequence flanked at its 3' end by an NGG PAM 792
(protospacer adjacent motif). Different online tools are available to identify possible 793 protospacers in a region of interest (crispr.mit.edu ; tefor.net/crispor/crispor.cgi ; 794
benchling.com). 795
• When multiple protospacer sequences are possible, select the closest (to the site to 796 engineer) and/or the most specific sequence (use the off-target prediction tool 797 provided by benchling for example). In general, four non-matching bases should be 798 enough to significantly reduce off-target cutting, especially if the mismatches are 799 located in the 3' region of the protospacer (Hsu et al. 2013 ). 800 801 II) Building the sgRNA vector sequence in silico 802 • The pPT2 vector contains the U6 promoter and 3' UTR of K09B11.12 (Friedland et al. 803 2013) and two restriction sites (PmeI and SexAI) to linearize the vector, followed by the 804 invariant sgRNA scaffold sequence (see Figure 1A ). 805
• To generate the sgRNA expression vector sequence, insert the protospacer sequence 806 (without the PAM, i.e. NGG) between the U6 promoter and the sgRNA scaffold as 807
shown in figure 1B . 808
• If the selected protospacer sequence does not begin with a guanine residue, add this 809 nucleotide manually to the 5' of the protospacer (i.e. resulting in a "19+1" bp insertion in 810 pPT2 since this protospacer is only 19 bp, see figure 1B ). 811
• Name this vector pXYn where XY are the initials of the person building the vector and 812 n the number of the vector. Accordingly, the protospacer sequence is then labeled 813
CRpXYn (generate a "feature" with the sequence to identify it easily in the genomic 814 sequence). 815
• Generate one 60 bp oligonucleotide centered on the protospacer sequence as shown 816
in figure 1C (forward or reverse). Gibson assembly can be performed with a single 817 primer. Alternatively, generate two complementary 60 bp oligonucleotides centered on 818 the protospacer sequence as shown in figure 1C . 819 820 Note that a single primer (forward or reverse) is sufficient to complete the Gibson 823 assembly reaction. 824 III) Building the sgRNA vector
